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The objectives of this study have been and still are to
study heat transfer across surfaces in contact under transient
conditions. By transient conditions we include cases where
the contact resistance stays the same and the thermal environ-
ment is changed, where the thermal environment remains con-
stant but the contact resistance is changed, or combinations
pf these. While this research is basic in nature it is hoped
that useful information for analysis of existing systems and

for design and control of new systems will be forthcoming.

We have approached this research both from theoretical
and experimental viewpoints. In order to design the experi-
mental equipment we made a theoretical study of a model which
we plamned to build. This theoretical study involves both
analytical and numerical solutions of one-dimensional heat
transfer across surfaces in contact where the source tempera-
ture was suddenly imposed upon the system which had been at a
uniform initial temperature. The temperature-time position
information which resulted was obtained for various combina-
tions of materials, lengths, and contact resistances in order
to estimate the time to approach a new steady state value.
These theoretical correlations were presented by Blum and

Moore* (1) (See also Appendix B).

In addition to the above, the effect of suddenly
changing the contact resistance in a system which has been
in steady state is now being correlated and studied. At
present the theoretical studies involve (1) the development
of an implicit method for studying the one-dimensional case,
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(2) a numerical method for handling two-dimensional heat

transfer in systems which have surfaces in contact, and (3)
an analytical study involving the problem where convection

from the surfaces are important. With regard to theoretical

work it is our intention for this vear and the next to (a)

complete and summarize the one-dimensional studies, (b) to

continue consideration of the two-dimensional problem with

emphasis on a system in which many cylinders are placed on a

plate., (c) to continue the studies involving rate of emptying

and filling the interstices of a contact with fluids, and (d)

start theoretical work on a new concept of changing surface

contact area to affect control of heat flux.

In all these cases mentioned above it is hoped that the
theoretical studies will help with our plans for the experi-
ments. The background information for these studies are des-

cribed in the Appendix A.

The experimental portion of this work to date has con-
sisted of designing and building a system to study the tran-
sient response of cylinders in contact when subjected to
changes in the thermal environment, the ambient pressure,
and the contact pressure. Experiments have been conducted
on two sets of samples, a stainless steel-stainless steel
set (type 304) and an aluminum-aluminum set (type 2024-T6).
The experiments run so far for which data were recorded and

analyzed are summarized in the following table.
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Samples Number of Tests

Phase 1 Phase 2 Phase 3

55-S8S 2 2 ———

AL-AL b 6 2%

*(See 2. below)

The basic purposes of the testing done to date was to
check the ability of the system to provide data and to deter-
mine what changes might be required. There have been several
things learned which have contributed to the improvement of
techniques and procedures. Some of the more important con-

tributions are discussed below.

1. Earlier test data indicated a significant con-
tact resistance at the source and sink contacts
which caused large changes in the actual end
temperatures of the sample when the axial load
was changed. Application of an extremely thin
layer of silicone grease has been found to

solve this problem.

2. Data and experience have shown that the bellows
method of providing axial force is inadequate
for two basic reasons: (1) changes of the bell
jar pressure between atmospheric pressure and
a vacuum cause changes in the axial load, and
(2). it is impractical for providing sudden

changes or programmed changes in the axial load.

-3-




The

mation.

. . i

This has led to the decision to change the
loading system to a hydraulic cylinder in which
pressure is controlled by a servo-valve utilizing
a direct feedback of axial force from a load
cell (or load washer). This system will allow
a fixed axial force to be maintained independent
of the bell jar pressure or thermal expansion.

It also has the further advantage of allowing
accurately controlled variations in axial load

such as ramp or sinusoidal changes in load.

Data has shown that there is very little radial
heat loss with no insulation at all, thus per-
mitting the use of a very light insulation to
insure one-dimensionality. This is advantageous
since it will not severely affect the thermal
capacity of the sample, which is critical for

the transient experiments.

data taken so far has provided some significant infor-

The measured time to reach steady state for
both the S§8-85 and the AL-AL tests is of the
order of twice the predicted time using the
simple, analytical model. Here again, however,
the data shows that some changes are required.
The choice of defining steady state as the time
when the temperature drop across the slowest

reacting portion of the system is 99% of the
T



steady state temperature drop across that por-
tion of the system is not a good one because
small errors in data cause large errors in this

calculation.

Thus it has been decided to use a more
practical value of 67%. This will greatly im-
prove the accuracy of correlating theoretical

predictions and experimental results.

2. The shapes of the transient temperature profiles
have been found to be very amenable to curve
tits thus allowing the determination of the
transient contact conductance. The results
are very interesting in that they show that the
conductance does vary considerably with both
temperature and axial load when these variables
are changed. Some typical plots of these

phenomena are shown in Figure 1.

These phenomena could account for the dif-
ference in the time to reach steady state as
measured from the data and as predicted by the
analytical model which assumed a constant con-

tact conductance.

All of the above mentioned changes in procedure and hard-

ware are either accomplished or in process now. It is felt




that with these modifications the data obtained will be of
sufficient accuracy to allow good correlation of results with

isolation of the various macroscopic efiects.

The work with cylinders will be continued with various FUTURE

materials and combinations of lengths and contact conductances. EXPERIMENTS

This is where most of the experimental effort is being directed.

By the time this series of experiments has been completed it Effect of Contact
is hoped that we will be aple to know how conditions at the Pressure and Tem-
contact change during transient conditions and what the perature on Rate
response will be ¢f various systems that we will include in of Contact Con-
this study. ductance Change

Other experimental problems which may receive some of

our attention are described below.

One of the large problems that suggests itself from our Is a Contact
studies is the lack of a standard through which meaningful Conductance
statements can be made in predicting both the steady state Standard
and transient behavior of systems with contacts. This dif- Possible?

ficulty would be expected in view of the large number of
variables that affect heat transfer across surfaces in con-
tact. For example. it has been pointed out by others and we
have observed that the nature of the surfaces and how they
are mated affect the contact conductance significantly. In
order to achieve some element of standardization we would
like to propose and test the following idea. Suppose by a
sand blasting technique we can develop a random surface; that
is, one whose profile and roughness would be the same in all
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'directions. We could prepare a standard whose hardness would
be greater than any of the other samples, and do a series of
heat transfer experiments against the hardened standard. The
objective of this study would be to predict from experiments
against a standard for a common type surface how various sam-

ples would behave when in contact with each other.

We would also like to perform a few experiments under
transient conditions where the heat transfer is two-dimen-
sional. This will probably take the form of a cylinder being

placed against a plate.

A final type of experiment would involve the passive

control concept mentioned in the previous section.

Simultaneously with heat transfer it would be desirable
to measure the transient electrical characteristics of the

system.

Two-dimensional

Heat Flow

Passive Control

System

Electric
Resistance

Measurements
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APPENDIX A

Heat Transfer Across Surfaces in Contact:
Theoretical Study

1. Continued Study of One-Dimensional Heat Flow Across Surfaces in Contact:

The theoretical studies to date. both analytical and numerical, have
resulted in some correlation that enable us to predict the temperature-
position-time, behavior of a large number of systems. Up to this point, we
have been concerned with the time to approach steady state and the overshoot
which has been described in the paper which follows this section. There
are other correlations which might also be useful as well as expanding the
program to consider cases where the thermal conductivity and diffusivity
of the materials that we check can be functions of temperature and not

constant as we have considered them.

Our preliminary studies with an explicit numerical method for handling

a two-dimensional heat transfer problem involving contacts indicate that
the machine time as contrasted to the one-dimensional case is greater by a
factor of about sixty. It is possible that an implicit method for numeri-
cally solving this equation may allow us to save time while taking larger
time and geometrical increments. In order to test this idea we are
developing the implicit method for our one-dimensional program which has
already been tested. As soon as this is developed we may be able to apply

this to the two-dimensional cases.

2. Heat Transfer Across Surfaces in Contact: Two-Dimensional.

The possibility of a single sink removing heat from several sources
simultaneously is the basis for this phase of our study. For example, one

could consider a number of power transistors placed against a common plate.
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" The transistors could have different temperatures and there could also be a
variety of heat fluxes. The questions which we think we can solve by
numerical solutions are these: (1) How will a single cylinder in contact
with a plate react to changes in contact resistance and thermal environment
changes? (2) How will more than one cylinder placed in contact with a
common plate react when subjected to both changes in the thermal environ-
ment and in the contact conductance? (3) How closely can various cylinders
be placed on this common plate without significant thermal interference?

We have already developed a numerical method for considering the case of
one cylinder in contact with a plate. Our first runs have indicated that
machine time could be prohibitive in cost. It is for this reason that we
are planning to modify the method and possibly evaluate the implicit

approach mentioned above.

3. A Theoretical Study of a Possible Control Application:

An idea for a passive control of heat flux using surfaces in contact
could be evaluated in part theoretically. The concept involves placing two
materials in contact. The contact area and pressure would vary depending on
the temperature level of the two materials in contact. This could be
achieved in several ways. For example, if two conductors, having slightly
dished out sections in one or more places, were placed in rigid contact, as
the temperature increased the two materials would be forced together which
would increase the heat flux and thereby tend to decrease the temperature.
If the materials were elastic within the range of the temperature changes
when the temperature levels decreased the area of contact would decrease,
likewise the heat flux. This could be studied analytically starting with a
couple of simple models. The results will indicate under what conditions,
if any, that this approach will be feasible. Figure 2 shows a possible

arrangement.



4. The Rate of Emptving and Filling Interstices of a Contact:

Aaron and Blum®2 did some initial work in which there was concern with
the rate of emptying and filling contacts with fluids. If the interstitial
gas conductance is a significant portion of the total conductance across a
contact, then the speed of emptying or filling contacts could become impor-
tant. It is the intention of theoretical work in this area to study the
conditions under which this rate might significantly affect the transient
response of systems in contact. The work by Aaron and Blum was limited to
consideration of a parallel plate type model. It would be hoped that more

realistic models might be studied.
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-‘APPENDIX B

Transient Phenomena in Heat Transfer Across Sntfaces in Coitact

HAROLD A. BLUM GLIFFORD ). MOORE, JR.

NOMENCLATURE

a = length of region 1

d = thermal diffusivity

b = length of region 2

h = q"/aT, = unit contact conductance
k = thermal conductivity

L = total length of system=a + b
gq" = heat flux

T = temperature

t = time

x = distance fram source

Subseripts
1 =regionl

position
= time
summation index

»
Beotrmno

=X =0

INTRODUCT ION

This study is concermed with two types of
transient situations when heat is transferred
aoross surfaces in contact. In the first situa-
tion the response of the system (with a constant
thermal-contact conductance) to a changing tem-
Perature enviromment 1s calculated, In the sec-
ond situation the effect of sudden changes in
contagt conductance on heat flux and temperature
distribution 1s observed, The information ob-
tained from this type of study could be of value
for thermal-control purposes and for determina-
tion of the contact conductance,

In this investigation both the analytiocal
approach and a mumerical method were used to simu-
late a one~dimensional heat-transfer experiment,
This method 1s applicable to two systems in oon-
tact where the relative and absolute lengths,
material combinations, and contact conductance
can be varied under all ranges of practical in-
terest,

The system and boundary conditions for the

HOT SIDE ZONES

HOT SIDE ZONE
ADJACENT TO CONTACT e

COLD SIDE ZONE,
ADJACENT TO CONTACT

COLD SIDE ZONES

Fig.1 Schematic of system with one-
dimensional heat transfer across contact,
which shows zones for which separate
nodal equations were used

two situations, for which the results are pre-
sented, are described as follows:

1 Starting with a uniform temperature,
one end of the system 1s subJected to a different
temperature (kept constant throughout the experi-
ment) until steady state is approached. "Steady
state" 1s defined as the condition where the tem-
perature drop across the slowest reacting portion
of the system 1s within 1 percent of its true
steady-state value, Metal properties and oontaot
conductance are constant, )

2 Starting with steady-state temperature
distribution, the contact conductance is suddenly
changed to a new constant value until another
steady-state condition is reached. Metal proper-

" ties and end temperatures are comstant.

Correlations are presented which are con-
cerned with the first situation, These deal with
{a) relation of the time to reach steady state
{(as defined in the foregoing) to the system geome-
try, metal properties, and contast conductance,
and (b) the "overshoot" phenomena (transient ocon-
ditions under which the temperature drop across
the contact exceeds the steady-state valuse).

METHOD OF STUDY

Both the numerical and analytical methods,



used to obtain the information for the data, re-
quired use of a digital computer. Chronologiocally
the analytical method which was developed later
than the finite-difference approach represents a
check on the mumerioal method, a verification of
the applicability of Tittle!s quasi-orthogonal
funotion method! for handling composite systems,
and finally added a flexibility in this case
which was thrifty of computer time, If it be-
comes desirable to vary the properties continue-
ously, then the limitation of the anslytical ap-
- proach will necessitate the use of the mumerloal
method,

Humerigal Solution

A finite-difference approximation of
Pourier's equation in one dimension was applied
to the system consisting of two metals in contaot.

There were four zones requiring separate
nodal equations for iteration in this explicit
method, These zones are 1llustrated in Plg, 1.

Por zones on the hot side (except that,
adjacent to the contact) the nodal equation is

Ty (x),t41 = 310e=1) ¢ * T1, (x41) ,8)
N

1
i b T
"

(1)
) Tl(x) 't

"The equation for the zone of the hot side, adja-
cent to the contaet is

il 0 VIR T LY

Ml !41

1 - - 2N
+( %; ,T'l) Tl(c) ot
1

Tite) e ™

(2)

The equation for the zone on the cold side, adja-
cent to the contact 1s

- M2 2T3(2) .t
RICHE #, Tie e’ :22

oo (3)
gl o S TOR

1 ¢. W. Tittle, "Boundary Value Problems in
Composite Media: Quasl-Orthogonal Funotions,”
Journal of Applied Physics, vol, 38, April, 1965,
pp. 486-u88,

2 g, M. Dusinberre, "Heat Transfer Calcula-
tions by Finite Differences,” International Text
Book Co., Scranton, Pa,, chapter 6.

The equation for the remainder of the zones on
the co0ld side is

Ty (e + 7T
Tyx),t4) = J(x.i.):__..z,(mn,.t_

+.{:»12 - Z) . (‘*)
\ uz 2{x).,t

where

x2
-
" ad

N o= Bobx

k

In order to insure stable solutions 1t is
necessary that the coeffliolents of all tempera-
tures be positive on the right-hand sids of equa-
tions (1) - (4). It was found that length incre-
ments of 0,1 in, and time increments of 0,01 seo
achieved thils stability and was sufficiently acou-
rate so that no difference was observed between
the analytiocal solution and this one,

Analytical Solution

The basis for the analytical solution of
the space-time-temperature distribution is the
separation of variables by product form in the
governing partial differential equatiom, However,
since the properties of the two regions are dis-
continmwus at the interface, Fourler's equation
must be written separately for the two reglons.’
Advantage 1s taken of the feot that the solution
epproaches the steady-state solution for large
time by assuming the solution as a sum of steady-
state and time-dependent parts, The solutions
thus obtained by appliocation of the interface and
end boundary conditions are of the following form:

Region (1)

Ty (x,t) - 'r!

T10 -
Reglon (2)
jl‘z(x,t) -T2 L
T1,0 " T2,1

' 2
=1-0 x «lz‘ B, sin(y x)e”7F%;*

® C, (L-x)+ ‘);Bnlrnsin(onx)
(5)

S2a ¢
_*Gncos(snx))g n2

Where the elgenvalues Y ,, and &, are deter-
mined by the equatlons

“Yp = B
a £ J:ZI tan(an\E—:_T) +._21.tan(1na) (6)

5 H. S, Carslaw and J. O, Jaeger, "Conduotion
of Heat In Solids,” Oxford at the Clarendon Press,
1959,
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STEADY STATE AT
by*300 BTU/HR-FIZ-F
5 (seconds)
Tl.X'Tz.L i
| oo el INITIAL STEADY STATE AT
1,072,L | by 1000 BTU/ER-FTZ-F
1
L 2 ==
5 SRSS
0 2 1 A ' 3 ') e re
0 £ %" 1.0

Fig.2 Respomse of two 1-in. aluminum speci-
mens in contact when contact conductance
is suddenly changed

" ""I% n

The remaining series coefficients B, are
determined, as usual, by the application of the
initial oondition, However, ordinary PFourier
analysis is inadequate here bsosuse the eigensets
are not orthogonal over the full x-interval (0,L),
These coefflicients are determined by spplication
of the theorem of quasi-orthogonality dus to C,.
W. Tittle.! The final solutions thus obtained
are as follows;

(a) Por the initially uniform temperaturs
distridbution with a sudden inocrease in one end
temperature the solution isg

Region (1)
-yl e
T, (x,t)- T ® 2 sinf L
il‘—.—-r—i'l'cx"' il Sl (8)
1,0 i nel D,
vhere
D

- - k.
n = Ypa-slaQv a2 B0 10 +clre b

1 V%2

2.g2
+ (l"n-Gn) %I;(ZCnl)-f!'nGn cot(2lnl) ]

Region (2)

32 (x,t) ~ '1'2

L
=~ = C,y{L-x)
= 2
T T2.1

1,0

. ‘f 2(r, sin(6, x) cos(§ x)lo"ﬁ“g‘
n=1 Dn

(b) For the initially steady-state tempera-
ture distribution with conductance of hy with a

4

| SAME MATERIAL IW BOTH REGIONS

100 L ¢
4 20
s 10
f $
i b
4 Ul

[- I

]

1 PR SRR | hemrmadermederenacddeghedd
ol 1 10
T
Fig. 3 Approach 1o steady state - same
materials

sudden change in conductance to & new oonstant
valus, he, the solution is:
Reglon (1)

T

L(xe®) -7y 1-Cyx
1,0 7 %

o .
- 1 ¢ <Y
+ I.]_ 2’&& i g cos(yelein(yyxie R% ¢
n D
n

(9)

Region (2)

5 ‘:'t”rz L
T1,0 " 2,1
. [ih -tz
. E; 2k, G [Rihy cos (s a) [P 8in (4, x) 43, co8 (8,x) | @
n

Where the following notation has been used:

= Cz {L-x)

(10)

k
1
bt §
r K2 aj_ coslyga)
cos(éa) + lill('ul) un(‘nx.)

Gy = -F, tan(s 1) (1)

(12)

(13)

Dkzi'kz#b
kg R

It should be noted that for oase (b), the
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valus of h in equations (6), (12) and (13) 1= the
new value, he. For the cases studied, convergenoce
of the series was obtained between 5 and 15 temms,

DISCUSSION OF RESULYS

The information obtained from the solutions
previously disoussed were temperature versus dis-
tanoce at various times, This was done for severel
materials, lengths, and contact conduotances,
Three of the possible ways to examine this large
volume of information are described: (a) The com-
plete history (temperature versus distance and
time) for any speoific ocase of interest would be
useful in itself, (b) The time to reach steady
state (defined arbitrarily as the time when the
aloweat reacting portion of the system was within
1 percent of the steady-state value) appears to
be of practical importance, We conoentrated most
of our efforts on this phase of correlation,

{c) T™e "overshoot" whioch represents the cases
vhere the temperature drop across the contast ex-
cseded the steady-state value during the transient
period 1s another condition which may be of preo-
tioal interest,

It should be pointed out that the agreement
between the numerical and analytiocal solutions
previously mentioned was excellent,

Pig. 2 shows the temperature versus dis..
tance at various times for the situation where a
changing contact condustance ocours, NKote that
initially the oontact conductance is higher as
evidenced by the smaller temperature drop across
the oontact,
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Pigs, 3 - 7 represent correlations which
are conocerned with the time to reach steady state
as defined in the foregoing. These correlations
show the effect of geometry, material and contact

conduotance, All figures are plots of dimension-
loss time
0= (ﬁ. + i) t'
2 2
a b

versus a "thermal time-oonstent ratio"

‘for various values of an "inverse Blot mumber”

(f =ky/h 8). This 13 sinply a method for repre-
senting the effect of the ratio of thermal "iner-
tia" (T ) of the two regions on an effeotive time
{0) to reach ateady state with the effect of the
contagt oconducstance inoluded in @,

The ninimm in 0 that ocours shows that
vhen ¥ > 1, the dimensionless time is ocontrolled
by region 2 and that the control is with region
1 when T <1, While 8 affects the position of
the ocurve, the minimum is almost independent of 8,

Pig, 5 1is valsd for all osses where the ma-
terials on both sides of a contact are the same,
In developing data for this, materials renged
from stainless steel to magnesiwmm, the retio of
region 1 length to region 2 varied from one to

_seven up to seven to one, contact oonduoctances
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vere 25 - uooo Btuéhr sq £t deg F (51,1 x 10% to
8200 x 104 watts/n deg X), The overall sig-
nificance of this figure 4s that it is possible
to estimate how long 4t would take a system to
reach steady state when subjected to a sudden
temperature change,
time 1s independent of the actual tempsrature Adif-
ference imposed, JFrom experimental data it would
be posgible to determine the contact condustance
by estimating the time to reaoch steady state, for
a system of Imown geometry and materials, These
ocurves also show under what conditions the oon-
taot oconductance would signifiocantly affect the

' response of a system to temperature change and
under what conditions the contact oonductance
would be relatively unimportant, The @ -parameter
shows the effect of contact conductance,

Consider the system oconsisting of J-in-long
aluninum in contaot with a l-in-long aluminum
with a contact unit surface conductance of 1000
Btu/hr-sq ft-deg P, Por T = 0,333 and g =
. 0.4T, 8 = 13 (from Pig, 3), or the time to ap-
proach steady state is T3 sec, For this system
where the conductance is 75, T is still 0,333,

P 1is 6,24, and © (from Pig. 3) = 26, or the pre-
dicted time 1s 146 sec,

For the cases where the materials in region
1 and region 2 are not the same it besoomes neces-
sary to present the information on two separate
charts for each material combination, For exam-
ple, in Fig, 4 the aluminum-tin (that is, aluminum
in region 1 and tin in region 2) is presented,
whereas in Fig, 5, region 1 has the tin and region

6 A-8

It should be noted that this -

1 STAINLYSS STEEL IN REGION 1
F TIN IN REGION 2

~e D

1 PR | NP |
.01 .l 1
T

Fig.7 Approach to steady state (stainless
steel-tin)

2 has the alumimm, Pigs. 6 and 7 show the corre-
lations for the tin-stainless steel system,

: While 1t would be desirable to present all
this information in one or two figures it should
not be surprising in view of the complexity of-
this composite system that this may not be possi-
ble.

The overshoot, as defined in the foregoing
is a function of material, geometry, and contaot
conduoctance, It ocours for T >1, In Mg, 8
this 1s shown as the ratio of the temperature
difference aoross the comtact to the steady-state
temperature drop across the oontact as a funation
of time for a l-in, aluminum over a l-in, stainless
steel system (T = 4,T1l), It should be noted that
the actual temperature drop across the gontaot is
the product of the aforementioned ratio and the
steady-state oontact temperature drop., In the
example of Pig, 8, the actual maximum temperature
drop is 59,3 percent of the total temperature
difference from source to sink for a oontact con-
ductance of 200, For a conductance of 1000 it is
24,0 percent, whioch is smaller (as would be ex-
peoted) than the lower conductance oase.

CONCIUSIONS

1 The numerical and analytical solutions
for one-dimensional transient heat transfer across
surfaces in contaot are presemted, These, wheri
properly programmed, will provids tesperature-
position-time information for any combination of
lengths, materials, and contact conduotances,



s ' the oontact, one chart represents a larse range
of practical combinations of length, oomtact oom-
duotance, and metals, With different materials
b 1000 BTU/hre2tE-p on either side of the contaot, no gensral ocorrela-
tions were found so individual ocharts for each
system, with a large range of length and oontaot

DT, condustance oombinations are presented for a few
B 0| [\b o200 BTO/ur-142-F cases,

1 3 The contact overshoot is another inter-
esting phencmencn dependent on material, lengths,
and oontaot conductance, The oondition for the
overshoot 12 a value of T > 1. ¥No general oorre-

0§ — % " A lations are presented for this pheanomenon,

TIME(seconds) 4 The value of this study will depend on

the degree of experimental verification, since

Fig.8 The "overshoot”: The effect of contact such assumptions as oonstant contact gonductance

conductance on temperature drop across a con- during transients are only approximations, An

tact for a 1-in. aluminum over a 1-in. stainpless experimental progrem is ourrently being under-

steel specimen when end of aluminum away from taken,

contact is suddenly exposed to a higher temper-

ature thap uniform initial temperature ACKNOWLEDGMENT
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APPENDIX C

Experimental Program

Basically the experimental program consists of measuring the temperature
distribution as a function of time in two metallic cylinders in contact with
each other as shown in Figure 3. This transient distribution results from
an upset in the system's one-dimensional heat transfer. At present three

quantities are being used for these upsets: (1) source temperature
axial force; and (3) environment pressure. Three types of upsets are cur-
rently being studied which consist of holding two of these quantities con-

stant and varying the third rapidly from one fixed value to another.

From this data, analyses are being made which attempt to correlate
such parameters as time required to reach steady state and transient contact
conductance in terms of the thermal. geometric, and mechanical properties
of the cylinders. For details the program is best described in the following

four divisions.

A. Sample preparation

The first step is to construct the samples of the appropriate material.
This is done by first cutting the bar stock to rough length and turning to
the proper diameter (1.000+ .001 inches) in a lathe. Next the "outside"
end of the sample is finished to a final roughness of 6—1Q/uin (RMS) , and
the thermocouple slots are cut in the outer surface to a width of 0.02
inches and a depth of 0.02. The nominal slot locations are at 0.1, .3, .5,
.7, .9 of the sample length. Finally, the "contact™ end of the sample is
machined in a shaper so that the final desired length is obtained and the

contact surface has the transverse lay to the required roughness.
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While the sample is still in the shaper bed the indexing marks which

reference the lay direction are put on.

After the machining the macro- and micro-hardness of the sample are
determined and the assigned sample number is etched on the outer surface.
Next the surface measurements are made on a Surfindicator. Then all this

information along with all actual dimensions (including the slots' axial

record the sample history which includes everything that is subsequently

done to the sample.

Sample preparation is concluded by installing the thermocouples into
the slots and then applying the silicone rubber to provide strain relief

for the thermocouple lead wires.

B. Thermocouple Calibration

Since the thermocouple readings are recorded on an oscillograph there
ig an electric current in the thermocouple circuits and therefore they must
be calibrated against known temperatures. To eliminate additional sources
ot temperature error the thermocouple-wire-oscillograph system is calibrated

as a unit just as it is used in taking data.

This is accomplished by placing the calibration bath adjacent to the
test fixture and placing the samples (with thermocouples already in place)
in the aluminum shavings, as shown in Figure 4. The sample is surrounded
by the aluminum in the can, which is surrounded on all but one end by the
0il bath, and insulated on the other end. The oil bath temperature is

adjusted in large steps by the circulation of steam or cold water through




the coils shown. When the approximate desired temperature is reached the
controller takes over and controls the temperature to within + .01°C. The
actual temperature is recorded from readings of a set of calibrated ASTM
standard thermometers., readable to 0.1°F. The bath temperature is adjusted
to the desired value and controlled at that temperature for one hour. Then
the oscillograph is turned on to record the deflection of the thermocouple
traces for that temperature. This process is repeated for all desired cali-
bration temperatures. It has been found to be advantageous to always take
readings ascending and descending in temperature, since this procedure

eliminates small errors in temperature which might bhe caused by thermal lag.

A computer program is used for the final step in the calibration
procedure. The data from the oscillograph are punched on to cards and
used by the program which fits the best second order curve through the data
for each thermocouple separately, using standard least-squares techniques.
Earlier, higher order curves were tried but they did not improve the accuracy.
A typical set of calibration data and the least squares fit are shown in
Figure 5. The regression coefficients are then used in the data analysis

routine to calculate temperature from deflection of the oscillograph traces.

C. Data Acquisition

After calibration the samples are removed from the calibration fixture
and cleaned with a soft brush to remove aluminum filings. The ends are then
cleaned with acetone first and finally with absolute ethyl alcohol. The
source and sink ends are then coated with a very thin layer of D.C. silicone

grease to reduce the contact resistance at these locations.
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The samples are then placed in the test fixture and aligned to the
desired orientation of the lay on the contact surfaces. Then the tests are
run according to the type of test desired. The three basic tests now being

used are as follows:

Phase 1. This test can be run in the atmosphere or in vacuum. It is started

by starting the sink coolant flow and allowing the entire sample to reach a

more easily obtainable. Once the uniform temperature is reached the oscil-
lograph is turned on and then the steam valve to the source is opened. The
source temperature rise is very rapid thus approximating a step increase.

A typical oscillograph record of this type of experiment is shown in

Figure 6.

Phase 2. These experiments can also be run at atmospheric pressure or in a
vacuum. The experiment begins with a steady state heat flux through the
samples. Then the axial loading is increased or decreased while holding
the ambient pressure and the source and sink temperatures constant. The

experiment continues until the new steady state is reached.

Phase 3. These experiments begin with a steady state heat flux through the

~sample with the system in a vacuum (lower than lO—ummHg). The ambient

pressure is then returned to atmospheric pressure as rapidly as possible
while holding the axial force and source and sink temperatures constant.
Contact conductance is thus increased by the addition of the gas to the

interstices and the transients in temperature distribution are observed.
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D. Data Analysis

After an experiment 1is completed the data analysis begins with reading
the trace deflections from the oscillograph record. Readings are taken at
discrete times by measuring the deflection from the reference displacement
by means of a ruler scaled to .01 inches. Time intervals at which readings
are made depend on the transients themselves, i.e., where the changes are
rapid, closer spacing of time intervals is used and where they are occurring
slowly larger spacings suffice. These readings are recorded in a data log
book and are referenced to the sample and experiment numbers. The oscillo-
graph records (which are also appropriately identified) are stored. Next
this recorded data is punched on to cards and read into the computer with

the data analysis computer program.

At present the computer program performs the following operations:

1. Reads in the required data for the specitfic sample, such as
thermal conductivities, diffusivities, sample lengths and
exact thermocouple locations.

2. Reads in calibration data.

3. Calculates physical quantities from deflection data using
the calibration results.

4., Prints out temperature distribution versus time (in
tabular form).

5. Performs transient analysis. This consists of making least
squares curve fits through the temperature profiles for each
instant of time then projecting these to the contact boundary
to compute the contact temperature differential. Next the
heat flux is calculated from the local slope of the temperature
profiles at the contact. Then from these two, contact conductance

is calculated.
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6. Prints out (in tablular form) the transient analysis.

7. Performs steady state analysis which consists of fitting the
best least squares straight line through the steady state
temperature profile and computing the correlation parameters

described in Appendix B.
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The computer program is quite flexible and any further analysis of the
data which might prove to be desirable can be easily added. At present,
additions to the progfam are being written which will allow for machine

plotting of any of the desired data.




APPENDIX D

Equipment

For the purposes of illustration the experimental equipment currently
in use is shown schematically in Figure 3 and in the photograph of Figure 7.

Descriptions of the key components are given below.

During the experiments the sample is held between the source and sink
blocks. These blocks are constructed of OFHC copper and are hollow with
inlet and outlet ports. The sink block temperature is held constant by
flowing room temperature water from a large reservoir. Steam from the
building heating system is used to maintain the source temperature constant;
the temperature is adjustable by means of controlling the pressure using a

throttliing valve.

All temperatures are measured with copper-constantan thermocouples
using a reference temperature of 32°F, which is maintained in an insulated
ice bath. The recording instrument for all data is a Honeywell Model 1508,
twenty-four channel oscillograph, with paper speed adjustment from 0.1 to

80 inches/second.

Variation and control of the axial load is accomplished by means of a
metal bellows using compressed air. The pressure in the bellows is regu-

lated by means of an APCO model pressure regulator controlled manually.

The bellows and source and sink blocks are mounted in the stainless
steel frame as shown in Figure 7, which itself rests on the base plate of
the vacuum system. All electrical wires and fluid lines pass through feed-
through connections in the base plate. The vacuum system is a Consolidated
Vacuum Corporation Model system utilizing a roughing pump and an oil dif-

fusion pump.
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APPENDIX E

Figures
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FIGURE 2 ~ PASSIVE CONTROL DEVICE
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